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Abstract Isothermal calorimetry and chemical shrinkage
measurements are two independent techniques used to study
the development of hydration in cementitious systems. In
this study, calorimetry and chemical shrinkage measure-
ments were combined and simultaneously performed on
hydrating cement paste samples. Portland cement pastes
with different water to cement ratios and a cement paste
containing calcium sulfoaluminate clinker and anhydrite
were studied. The combined calorimetry/chemical shrinkage
test showed good reproducibility and revealed the different
hydration behavior of sealed samples and open samples, i.e.,
samples exposed to external water during hydration. Large
differences between sealed and open samples were observed
in a Portland cement paste with low water to cement ratio and
in the calcium sulfoaluminate paste; these effects are
attributed to self-desiccation of the sealed pastes. Once the
setup is fully automatized, it is expected that combined
calorimetry/chemical shrinkage measurements can be rou-
tinely used for investigating cement hydration.
Keywords Cement hydration  Isothermal calorimetry 
Chemical shrinkage  Ordinary Portland cement 
Calcium sulfoaluminate cement
Abbreviations
OPC Ordinary Portland cement
CSA Calcium sulfoaluminate clinker
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Introduction
The processes causing stiffening, setting, and hardening of
cementitious pastes are of major importance for the prac-
tical applications of mortars and concretes. Many proper-
ties of cementitious materials, for instance early-age
strength development, heat release, and crack resistance are
influenced by their initial hydration rate. Isothermal calo-
rimetry is one of the tools widely used to characterize the
early hydration reactions of cementitious pastes, mostly as
a ‘‘screening test’’. The sum of the dissolution and pre-
cipitation reactions occurring during cement hydration is
an exothermal process that can be followed by calorimetry.
Typical applications of the method are the optimization of
the calcium sulfate set regulator, the evaluation of the
impact of admixtures like retarders or superplasticizers on
hydration kinetics and the assessment of the reactivity of
mineral additions, like blastfurnace slags, metakaolin [1],
or fly ash [2], in cementitious systems.
The kinetic information obtained from the heat flow
signal is normally correlated with other data characterizing
the evolution of chemical, physical, and microstructural
properties of cement pastes [3]. These complementary data
are generally measured using separate specimens and
experimental setups. Thus, the question arises, if the
experimental conditions and the sample preparation
required by the various techniques are comparable.
As cement hydrates, the hydration products occupy less
volume than the initial reacting materials, i.e., cement and
water. Before setting, this volume change will result in a
bulk contraction of the whole cement paste; after setting
empty pores will be created [4]. Due to this volume change,
a hydrating cement paste will absorb water from its
immediate surroundings, when available. Chemical
shrinkage can thus be measured by monitoring the amount
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of water that is absorbed by a cement paste during hydra-
tion. According to Parrot et al. [5], in the early hydration
times, the amount of water sorbed is directly proportional
to the amount of hydration that has occurred. Besides
indicating the extent of hydration, chemical shrinkage
measures the amount of voids formed within a cement
paste and thereby may indicate the susceptibility of a
cement paste to self-desiccation [6, 7]. The divergence
between chemical and autogenous shrinkage, i.e., the free
external shrinkage measured in sealed conditions at con-
stant temperature, has also been used as a measure of
setting [3, 4].
Recently, an ASTM standard for chemical shrinkage
measurements has become available [8], which is based on
the method developed by Geiker [9]. According to the
ASTM standard, fresh cement paste is inserted into a glass
vial, the vial is filled with water and the amount of
chemical shrinkage is measured by reading the level
change in a graduated pipette at regular intervals (Proce-
dure A, volumetric method in [8]). Another method is
based on the change in buoyancy of a specimen of
hydrating cement paste immersed in a liquid [6, 9, 10].
This second method is easier to automatize but is more
expensive since a dedicated high-precision balance is
needed. An important requisite for chemical shrinkage tests
is that the samples and the whole setup are kept in close-to-
isothermal conditions; this is often realized by immersing
the samples in a thermostatized water bath [8]. When
testing chemical shrinkage on cement pastes with low
water to cement ratios (w/c), the capillary porosity may
become disconnected and this may hinder the water
absorption and invalidate the results. For this reason, either
relatively high w/c pastes should be used [8] or extremely
thin specimens, not more than a few millimeter thick [6, 9].
Chemical shrinkage and isothermal calorimetry can be
advantageously combined to study the early-age reactions
in cementitious systems. Measurements of enthalpy and
volume change on the same cement pastes can help
determining which reactions are taking place at each
moment during the hydration process [11, 12]. The present
study aims at integrating the two techniques even further,
by measuring the two properties on the same sample. The
combined measurement of heat of hydration and chemical
shrinkage in the same cell of a commercially available
calorimeter will allow cheaper and faster assessment of
different cement types, supplementary cementitious mate-
rials, mixture compositions, and effect of admixtures.
Materials and methods
Two cement pastes with ordinary Portland cement (OPC)
and a cement paste containing calcium sulfoaluminate
clinker (CSA), based on ye’elimite 4CaO3Al2O3SO3, and
anhydrite (Cs) were used in this study. The latter system
has attracted new interest during the climate debate, as it is
a promising candidate for producing cementitious binders
with low CO2 impact [13]. The OPC was a CEM I 42.5
Portland cement with density 3,130 kg/m3 and Blaine
fineness 2,810 cm2/g. The CSA clinker had density
2,770 kg/m3 and Blaine fineness 4,770 cm2/g. An anhy-
drite with density 2,920 kg/m3 and Blaine fineness
3,820 cm2/g was used. The analyses of the three products
are given in Table 1. Notice that in Table 1, according to
cement chemistry notation: A = Al2O3, C = CaO,
F = Fe2O3, S = SiO2, s = SO3, T = TiO2.
The two OPC pastes had w/c 0.5 and 0.3; to the paste
with w/c 0.3, a commercial polycarboxylate-based
superplasticizer (solid content 30% by mass) was added at
a dosage of 0.4% by mass of cement referred to the solid
content of the superplasticizer. The CSA cement paste had
a CSA/anhydrite ratio of 3:1 by mass and a water/binder
ratio of 0.7. The cement pastes were mixed with deionized
water in a vacuum mixer (Twister evolution) for 2 min at
450 rev/min.
Three different experimental setups were used, (i) a sole
calorimetric experiment, (ii) a sole chemical shrinkage
experiment, and (iii) a combined calorimetric/chemical
shrinkage experiment.
A commercial conduction calorimeter with eight mea-
suring cells, TAM Air by Thermometric, was used for the
experiments. About 6 g of freshly mixed cement paste
were weighed into a glass vial of internal diameter
22.5 mm, which was then capped and placed into the cal-
orimeter. Due to the external mixing, the initial heat peak
Table 1 Chemical analysis and phase composition of the materials
used
OPC CSA Cs OPC CSA
Chemical analysis/g/100 ga Normative composition/g/100 g
CaO 61.9 36.2 40.3 C3S
d 56.1 C4A3s
d 68.1
SiO2 19.6 4.1 0.8 b-C2S
d 15.5 C2AS
d 14.8
Al2O3 5.1 44.8 0.3 C3A
d 4.8 C3A
d 3.4
Fe2O3 2.9 1.3 0.2 C4AF
d 11.5 CAd 7.8
MgO 2.3 1.1 0.1 MgOd 1.0 CA2
d 1.2
K2O 1.01 0.25 0.04 K2SO4
e 1.6 CTd 3.6
Na2O 0.26 0.07 0.03 Na2SO4
e 0.26 MgOd 1.0
SO3 3.0 8.9 57.2 K2O
e 0.13 CaOfree
f \0.1
TiO2 0.28 2.19 0.01 Na2O
e 0.15
P2O5 0.20 0.08 0.03 CaOfree
f 0.27 Cs
SrO 0.15 0.12 n. d. CaCO3
d 4.8 Csd [97
LOI 2.68b 0.72b 0.56c CaSO42H2Od 4.0
a XRF data uncorrected for loss on ignition, b 950 C, c 900 C,
d from Rietveld analysis, e from extended Bogue calculation, f from
chemical analysis (extraction method)
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right after the addition of water to cement could not be
measured. The heat flow was then recorded for about 80 h.
Measuring temperature was 20 C; during the experiment,
the measuring cells within the calorimeter are kept at
constant temperature ±0.02 C.
Chemical shrinkage was measured according to Proce-
dure A described in ASTM Standard C 1608-07 [8]. About
6 g of freshly mixed cement paste were inserted in the
same glass vials used in the calorimetric experiment. This
resulted in samples with height about 6–7 mm and surface
area about 400 mm2. Unlike the calorimetric experiment
described above, the surface of the paste was covered with
a thin layer (about 0.5 g) of deaired, demineralized water.
The vial was subsequently filled with paraffin oil and
closed with a rubber stopper, through which a graduated
pipette with a total volume of 1 mL and an accuracy of
0.01 mL was inserted (see Fig. 1, left); the vials were
immersed in a controlled water bath at 20 C. Measure-
ments were performed by reading the oil level of the
graduated pipettes at regular intervals during 3 days on
three replicate specimens. Figure 1, left, shows a view of a
glass vial with graduated pipettes [8].
In the third setup, chemical shrinkage measurements
were coupled with calorimetry by performing the experi-
ments within the calorimeter cells. For each mixture,
chemical shrinkage and heat of hydration were measured in
parallel on three specimens, while on a further reference
specimen only heat flow was measured (see previous par-
agraph). After weighing about 6 g of cement paste into a
calorimetry glass vial, the surface of the paste was covered
with a thin layer (about 0.5 g) of deaired, demineralized
water. The vials were then completely filled with paraffin
oil and closed with a rubber stopper, provided with a
graduated capillary with 0.01 mL resolution. Figure 1,
right, shows the modified calorimeter with insertion of the
capillaries. In order to obtain a good thermal insulation of
the measuring cells, 20 mm thick rubber foam plugs were
employed. For the vials with the chemical shrinkage setup,
a separate calibration of the calorimeter cells was carried
out to take into account the impact of the different vessels.
In contrast to the sole calorimetric experiment, where no
extra water is added, in this combined setup a layer of extra
water is present on top of the paste.
Results
Figures 2 and 3 show both heat flow and cumulative heat
of hydration of the three cement pastes. The cumulative
heat of hydration was obtained by integration of the heat
flow. As explained in the previous session, chemical
shrinkage and heat flow were measured simultaneously on
three specimens, while heat flow alone was measured on
one specimen.
In the sole calorimetric setup, the plain OPC paste with
w/c 0.5 (Fig. 2) shows, after the initial heat event, a dor-
mant period associated with a relatively low heat flow until
about 2 h of hydration time. This is followed by an
increase in heat flow over several hours during the
Fig. 1 Glass vial with graduated pipette for measurements of
chemical shrinkage (left) and external view of the calorimeter
showing the oil-filled graduated pipettes protruding from the glass
vials in the combined calorimetry/chemical shrinkage setup (right)
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acceleration period toward a maximum after about 10 h,
mainly due to the effects of tricalcium silicate (alite)
reacting to calcium silicate hydrates and calcium hydrox-
ide. An additional peak is observed after about 15 h. It
represents the time when the calcium sulfate set regulator is
consumed and the remaining tricalciumaluminate phase
(C3A) reacts no longer to ettringite (calcium aluminate
trisulfate hydrate) but to other phases like monosulfate or
monocarbonate; this was confirmed by X-ray diffraction
and thermogravimetric analysis for the samples investi-
gated in this study [14]. After this peak, there is a steady
decrease in the heat flow (deceleration period), which soon
reaches a constant, low value (final period). In comparison,
the OPC paste with w/c ratio of 0.3 is retarded due to the
added superplasticizer [15, 16] exhibiting a longer dormant
period (about 3 h) and a later maximum of the main
hydration peak (at about 12 h). The peak representing the
calcium sulfate depletion cannot clearly be recognized,
because it probably superimposes the main hydration peak.
When comparing the combined measurements with the
sole calorimetric experiment, the OPC paste with w/c 0.5
(Fig. 2) exhibits a similar rate of heat evolution in all
specimens, however the sealed specimen shows a slightly
lower heat flow in the dormant period (first 2 h) and
slightly higher peaks at 10 and 15 h; the cumulative heat of
hydration at 3 days is similar for all specimens. The OPC
paste with w/c 0.3 (Fig. 2) also shows a similar heat flow in
all specimens in the first hours; however the sealed speci-
men yields a higher main hydration peak compared to the
specimens with water on top. Moreover, the sealed speci-
men shows an additional peak indicating sulfate depletion,
which is under these conditions not superimposed on the
main hydration peak. Thus, in the first hours of hydration,
the experimental conditions (sealed vs. additional water on
top) mainly influence the reactions of the tricalcium alu-
minate phase and their kinetics in this OPC system. Prob-
ably the extra water makes more calcium sulfate available
to react with C3A to ettringite and thus delays the addi-
tional peak. Starting at about 24 h, heat flow in the sealed
specimen decreases substantially, while it decreases much
less in the samples with water on top.
Compared to the OPC systems, the CSA mixture
(Fig. 3) exhibits about twice the cumulative heat of
hydration. Unlike OPC, the hydration of such a mixture is
mainly based on the reaction of the ye’elimite phase (cal-
cium aluminum sulfate, C4A3s) with calcium sulfate to
ettringite and, when the calcium sulfate is depleted, to
monosulfate [17, 18]. For complete hydration, a water/
binder ratio of about 0.50–0.70 is needed for a typical CSA
cement; for comparison, an OPC needs about 0.23 [19].
Notice that these figures include only the chemically bound
water in the hydration products, while a further amount of
water becomes physically bound as adsorbed water on the
surface of the hydrates; this water is not available for
hydration of cement [19]. The presence of absorbed water
will thus increase the w/c required for complete hydration
of Portland cement to typical values of 0.40–0.42.
The sealed sample in the CSA mixture shows a dormant
period after the initial heat event, until the heat flow starts
to increase again after about 4 h. The maximum heat flow
is reached after 7 h. An additional maximum at a lower
heat flow is reached after a hydration time of 36 h, which
can be associated to the depletion of the added anhydrite
[14, 17, 18]. In contrast to the OPC system, the CSA
mixture exhibits a much higher heat evolution for the sat-
urated specimens compared with the sealed one right from
the end of the induction period. It is remarkable that the
shape and the position in time of the hydration peaks do not
seem to be influenced by the presence of extra water, but
the amount of evolved heat is substantially increased in the
saturated specimens.
Figure 4 shows chemical shrinkage measurements on
the three cement pastes performed either as a stand-alone
test (empty symbols in Fig. 4) or within the calorimeter
cell (full symbols in Fig. 4). The chemical shrinkage is
plotted as milliliter per gram of binder in the mixture. The
CSA paste shows an early development of chemical
shrinkage in the first days of hydration, and a magnitude at
72 h that is about four times larger than for the OPC pastes.
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This is in good agreement with theoretical calculations of
chemical shrinkage of CSA cements derived from a ther-
modynamic hydration model [17]. Very similar results are
obtained with the two setups for all three cement pastes,
with curves that can almost be superimposed.
In Fig. 5, chemical shrinkage as a function of heat of
hydration for CSA and OPC pastes is shown. The chemical
shrinkage curves measured within the calorimeter are
plotted against the heat of hydration measured on the same
samples (full symbols in Fig. 5). Both for chemical
shrinkage and for heat of hydration, the average of three
samples is plotted. It is noticed that the relationship between
heat of hydration and chemical shrinkage appears to be
roughly linear for the three cement pastes. Moreover, except
for an initial shift in the first few hours, the slope appears to
be the same for the two OPC pastes, indicating that the slope
is independent of w/c. The slope of the chemical shrinkage
versus heat of hydration line for the CSA paste is about 1.8
times the slope for the OPC pastes; on average, the hydra-
tion reactions in the CSA system happen with about twice as
much chemical shrinkage per amount of heat liberated as in
the OPC pastes. In addition, in Fig. 5 the open symbols
represent the results of heat of hydration of specimens with
no water on top, plotted against the chemical shrinkage
measured on the companion specimens. As these properties
have been measured on samples in different conditions,
namely on sealed samples (heat of hydration) and on sam-
ples with free access to water (chemical shrinkage), the
slope of the curves is different. For the CSA mixture (Fig. 5,
left), it becomes clear that the heat of hydration in the sealed
sample becomes lower than for the saturated sample starting
at low values of chemical shrinkage. With the progress of
hydration and chemical shrinkage, this difference between
sealed and saturated samples becomes even greater. In the
case of the OPC mixtures (Fig. 5, right), no clear difference
between sealed and saturated samples is apparent for the
w/c 0.5 cement paste, while for the w/c 0.3 paste the curves
start to diverge at heat of hydration larger than about
200 J/g. This corresponds to the deviation occurring around
30 h in Fig. 2 (below).
Discussion
Both the heat flow and the chemical shrinkage measure-
ments in the calorimeter cell show a good reproducibility.
The hydration heat of three identical samples shows min-
imal scatter (Figs. 2, 3); the differences in hydration
kinetics and in total evolved heat observed between sealed
samples and samples with access to water will be discussed
in the following paragraph. No substantial differences
between chemical shrinkage measurements ex-situ and in
the calorimeter cell were observed (Fig. 4). It appears that
measurements of chemical shrinkage inside the calorimeter
are at least as efficient as the measurements following the
procedure according to ASTM C-1608-07 [8].
It has been noticed that the heat evolution of the samples
where chemical shrinkage was measured was generally
higher than that of the control samples, especially for the
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CSA mixture and to a lesser extent for the OPC mixtures
with w/c 0.3. An explanation of this fact is that the samples
where chemical shrinkage was measured were exposed to
external water for the duration of the experiment, i.e., they
can be considered as an open system with water-saturated
porosity, unlike the control samples that hydrated in sealed
conditions, without access to external water. The latter
consequently self-desiccated, the hydration reaction slowed
down after the consumption of water and the final degree of
hydration reached was lower. A confirmation of this can be
seen in OPC paste with w/c 0.3: hydration proceeded
similarly in all samples in the first 30 h, after which the
heat liberation of the control samples (with no water on
top) was clearly lower (Fig. 2). On the contrary, no dif-
ference between sealed and open samples was observed for
the OPC paste with w/c 0.5 (Fig. 2). This may be attributed
to the fact that the amount of water in this paste is sufficient
to achieve full hydration of the cement, as the theoretical
water demand for complete hydration of Portland cement,
including chemically bound water and water absorbed by
the hydrates, is about 0.40–0.42 [19]. Consequently, in this
case the presence of additional water should not influence
the amount of heat liberated at later ages.
The correctness of the assumption of self-desiccation
and the effect of external water can be tested in the case of
OPC by comparing the heat liberation at the end of the
experiment in the closed (sealed) and open (saturated)
systems with w/c 0.3. The ratio of the heat liberation in the
closed and open systems after several days (for e.g., at the
end of the experiment, at about 80 h) can be assumed equal
to the ratio of the degree of hydration at the same time:
QC
QO
¼ aC
aO
ð1Þ
where QC, aC, QO, and aO are the heat liberation and the
degree of hydration in the closed and in the open system.
The ratio between the degree of hydration in a closed
and in an open Portland cement system can also be esti-
mated with Powers’ model (see e.g., [20]). For a 0.3 w/c
OPC paste, a closed system reaches a final degree of
hydration of about 0.72, while an open system reaches a
degree of hydration of about 0.86. This gives a ratio of aCaO
equal to 0.83. On the other hand, the measured ratio QCQO
after 80 h, as derived from Fig. 2, below, is 0.89. These
two values compare reasonably well, considered the
approximations involved in Powers’ model and the fact
that the calculated ratio between the degrees of hydration is
a final value at infinite time, while at 80 h the tested cement
pastes were still liberating heat, as evident from Fig. 2, left.
The CSA cement paste exhibits an even larger effect of
self-desiccation on heat of hydration; in fact, the sealed
sample at 80 h evolved only about 0.72 times the heat of
the sample with water on top. By applying thermodynamic
modelling [17], it is calculated that the CSA/anhydrite
mixture needs a water/binder ratio of 0.58 for complete
hydration. Ettringite (82 g/100 g dry binder), monosulfate
(32 g/100 g dry binder) and amorphous aluminum hydrox-
ide (28 g/100 g dry binder) are predicted to occur as
hydration products. This is confirmed qualitatively by XRD
and TGA analyses of hydrated pastes at several sample ages
up to 28 days [14]. It is noticed that this calculation does not
take into account the water adsorbed on the hydrates. In fact,
no model like Powers’ is currently available for CSA
cements as they have been by far not so extensively studied
as OPC. As a consequence, the amount of water adsorbed on
the surface of the hydrates, especially of ettringite and
amorphous aluminum hydroxide, is unknown. A fast self-
desiccation might also be connected to the very rapid
development of a dense microstructure in CSA cements [17],
which causes also the development of higher early strengths
compared to Portland cements [18]. The dense structure,
with many small pores and hydrates of high surface areas,
probably slows down the hydration kinetics of the CSA
systems due to decreased mobility of the free water. As self-
desiccating pastes have a high propensity for autogenous
shrinkage [21], the results presented in this article indicate
the need for investigating microstructure formation, self-
desiccation, and early-age shrinkage in CSA cement pastes.
It should be remembered that samples on which hydra-
tion reactions are studied with different techniques should
ideally be in the same conditions, i.e., should react at the
same temperature and in the same moisture conditions. By
performing the chemical shrinkage in the calorimeter cell,
these conditions are fulfilled and both properties are mea-
sured on open systems, with free access to external water.
It must be pointed out that this is not generally the case for
isothermal calorimetry, where the tests are normally per-
formed on sealed samples. For OPC cement pastes and
when the w/c is high, results of closed and open systems
should not differ considerably; however, the results of this
article show that at low w/c and for different binder types
(i.e., CSA systems), heat flow of closed and open systems
may vary considerably. Comparison of the heat evolution
measured on closed or open samples could help shedding
light on the effect of self-desiccation and low relative
humidity on the hydration of cement.
A further remark concerns the possibility of automa-
tizing the chemical shrinkage readings, which is of utmost
importance for a possible industrial application of the
combined calorimetry/chemical shrinkage technique. The
automatization is not only desirable to reduce manpower
and related costs, but also to allow monitoring of the
samples at night and possibly to improve the accuracy of
the readings. While chemical shrinkage measurements
based on the buoyancy principle can be conveniently
automatized with a digital balance [6, 9, 10], this type of
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setup cannot be easily combined with the measurements
within a calorimeter cell. Therefore, a method to automa-
tize the readings of the oil level in the capillaries has to be
preferred. Buil [22] proposed a method involving the use of
a photoelectric cell. Fontana [23] described a method in
which the water level in a capillary is followed with an
electrical capacity measurement in a coaxial tube. Another
method where liquid levels in multiple capillary tubes are
recorded automatically with a digital camera was recently
developed [24]. Zhang et al. [25] measured chemical
shrinkage by monitoring the change in hydraulic head with
a pressure sensor. Any of these methods could be applied
also to the calorimetry/chemical shrinkage setup described
in this article, thereby realizing a fully automatized setup.
Conclusions
This study showed that it is possible to combine calorim-
etry and chemical shrinkage measurements on hydrating
cement pastes simply by performing the chemical shrink-
age test within the calorimeter cells. The reproducibility of
the combined heat of hydration and chemical shrinkage
measurements is similar to the one of the standalone tests.
The combined setup guarantees that chemical shrinkage
and heat of hydration are measured on cement pastes that
hydrate exactly at the same temperature and in the same
moisture conditions, i.e., saturated with water.
In particular, this study showed the application of
combined calorimetry/chemical shrinkage for revealing the
hydration behavior of OPC systems with different w/c and
CSA systems.
Several strategies are available in the literature to
automatize the chemical shrinkage measurements; it is
expected that fully automatized combined calorimetry/
chemical shrinkage setups can be routinely used in research
and industrial applications for studying hydration and
early-age properties of cementitious mixtures.
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